1. Introduction {#sec1}
===============

Nanoscience and nanotechnology are defined differently depending upon the scope and context of each application. The Royal Society of the UK makes the distinction between nanoscience and nanotechnology where the former includes the "study and manipulation" of nanoscale particles and systems, and the latter the "design, characterization, and production of structures, devices and systems" at the nanoscale (1 nm = 10^−9^ meters, or one billionth of a meter). Nanoscience and nanotechnology involve research and technology development at the atomic, molecular, or macromolecular level, in the length scale of approximately 1 to 100 nm range. This may lead to the concept of renaming nanosized objects of biology and chemistry (molecules) as tiny machines \[[@B1]\]. For instance, ATP synthase which catalyses the synthesis of adenosine triphosphate (ATP) molecule, which is the universal currency of free energy in living systems, can be called a "nanomotor," so are the enzymes which catalyze making, breaking, and rearranging the bonds in other molecules. Another example is the actinmyosin molecular machine which can drive fibers past one another. Similarly DNA serves as a data storage system, transmitting digital instructions to molecular machines, the ribosomes, that manufacture protein and enzyme molecules in turn, make up most of the molecular machineries in living systems.

Nanobiotechnology employs nanoscale principles and techniques to understand and transform biosystems (living or non-living) and uses biological principles and materials to create new devices and systems integrated from the nanoscale. The integration of nanotechnology with biotechnology as well as with cognitive science and infotechnology is expected to expand exponentially in the next few years \[[@B2]\]. The goal of this article is to highlight recent advances in DNA-based organizations and their applications in nanobiotechnology.

2. Approaches to Nano Design {#sec2}
============================

A literature survey on creating structures at nanoscale indicates that a variety of methods having been devised to achieve this goal. These methods can be summarized as the top-down and the bottom-up approaches.

2.1. Top-Down Approach {#sec2.1}
----------------------

The top down approach uses natural and man-made chunks or blocks that are cast, sawed or machined into precisely formed products, small or large, ranging from integrated circuits to jumbo jets. Methods to produce nanoparticles from bulk materials include high energy ball milling, solution based chemistry, mechano-chemical processing, etching, electro explosion, sonication and physical and chemical vapor deposition techniques. Patterned structures which are grown by suitable lithographic and ion implantation techniques are the cornerstone of silicon integrated chip technology. Nevertheless, conventional technologies such as the photolithographic method are difficult to continue to scale down due to real physical limitations including size of atoms, wave length of radiation used for lithography and interconnect schemes. It is thus clear that an alternative approach based on possibly completely different principles such as the bottom-up approach would be required to overcome this barrier toward miniaturization.

2.2. Bottom-Up Approach {#sec2.2}
-----------------------

Bottom-up approach is the manufacturing of nanomaterials by manipulating and organizing individual atoms and molecules into particular configurations in a fashion similar to processes performed by molecular machines in living organisms. The self-assembly lipid molecules into nanostructure such as liposomes \[[@B3]--[@B7]\] can be considered as a classical example on the bottom-up approach for constructing nanomaterials. Another impressive example of atom by atom growth of nanostructures is the writing of the IBM logo by placing individual atoms on a surface using an STM tip \[[@B8]\]. The key to the application of nanotechnology will be the development of processes that control placement of individual atoms to form products of great complexity at extremely small scale \[[@B9]\]. The advantage of bottom-up approach would be a nearly infinite flexibility to create any substance, object, device, machine or material through atom (or molecule) by atom (or molecule) construction. It is natural to expect that the encounters of top-down and bottom-up design systems at nanoscale will result in innovative productivity that will mark a new era.

3. New Properties and Characteristics of Nanoparticles, Structures and Systems {#sec3}
==============================================================================

The boundaries between the physical regions of macroscopic, microscopic, and nanoscopic are not well defined and they depend on the effects being considered \[[@B10]\]. Nevertheless, materials of the macro-scale usually exhibit similar physical properties to those of the bulk form. On the other hand, reducing the grain size of a material below certain limits results in the appearance of either new or changed chemical and/or physical properties of the material and hence has a dramatic impact on structural, thermodynamic, electronic, spectroscopic, electromagnetic and chemical properties \[[@B11]\]. This may be attributed to either one or more of the following factors

i.  Inherent crystalline grains approaching the size of the characteristic physical length of the relevant properties

ii. An increase in the proportion of the interstitial defects and their impact on dependent properties; and

iii. The appearance of new structural and/or functional properties that characterize the grain boundaries of the material \[[@B12]\].

One of the most important aspects of nanotechnology is the preparation and development of nanoparticles \[[@B13], [@B14]\]. A variety of techniques have been reported for preparing different types of nanoparticles \[[@B15]--[@B17]\]. The nanoparticles can be made with different materials such as carbon, gold \[[@B18]\], silver \[[@B19]\], and silicon \[[@B20]\] and as small as 1 nm \[[@B13]--[@B23]\].

It has been observed for example, that the electrical conductivity of carbon in the form of "nanotubes" is much higher than carbon in the form of diamonds, due to it having a different structure at the nanoscale level. Similarly, gold reflects red light in its tiny nanoparticles form. The fact that gold reflects red light at the nanoscale is exploited in the design of experimental systems that kill cancerous cells with normal visible light, but leave normal cells unharmed \[[@B24], [@B25]\]. Moreover, gold becomes a highly efficient catalyst as the transition to nanoscale is introduced. Silver nanoparticles on the other hand, exhibit bioactive properties that are not found in larger particles \[[@B26]\]. These new properties might be exploited for novel applications and this is at the heart of much of the enthusiasm about nanotechnology.

The miniaturizing of bulk silicon creates silicon nanoparticles the fullerene-like structure of which is Si~29~ H~24~ \[[@B27]\]. Nanoparticles have properties both electronic and nonelectronic which are not available in bulk nonminiaturazied silicon. These include ultra bright luminescence such that emission from single particles is readily detectable \[[@B28], [@B29]\] stimulated emission \[[@B30]\], collimated emission beams \[[@B31]\] and second harmonic generation \[[@B32]\] from films of the particles. Most importantly the particles are photo-stable and do not blink. The exceptional optical properties, ultra small size, low cost and photostability provide the ultimate sensitivity and special resolution imaging capabilities.

4. DNA Structure and Function {#sec4}
=============================

Biological molecules such as deoxyribonucleic acid (DNA) have shown great potential in fabrication and construction of nanostructures and devices. It is the basic building block of life. DNA is the genetic material of most organisms and organelles, although phage and viral genomes may use single stranded DNA, single stranded RNA (ribonucleic acid) or double stranded RNA \[[@B33]\]. Most hereditary information is encoded in the chemical language of DNA and reproduced in most cells of living organisms. The double stranded helical structure of DNA is a key to its use in self assembly applications. Each strand of the DNA is about 2 nm wide. Each helix or strand of DNA is made up from three components: nitrogen-containing bases, carbohydrate (deoxyribose) and phosphate. There are 4 types of nitrogen-containing base in DNA. They are adenine, guanine, cytosine and thymine. The sugar deoxyribose, forms, with phosphate groups, a very long backbone, alternating sugar-phosphate-sugar-phosphate, and so on. One of the 4 nitrogen containing bases is linked to every sugar molecule. Each unit of a phosphate, a sugar molecule and base is called a nucleotide and is about 0.34 nm long, that is, 10--10.6 nucleotide pairs for a pitch of 3.4--3.6 nm \[[@B34]\]. Thus, constructions made from DNA will have nanoscale features. The specific binding through 3 hydrogen bonds between cytosine (C) and guanine (G) and 2 such bonds between adenine (A) and thymine (T) can result in the joining of two complementary single stranded DNA to form a double stranded DNA. The phosphate ion carries a negative charge in the DNA molecule, which results in electrostatic repulsion of the two strands \[[@B35]\]. To keep the negative charges neutralized, positive ions must be provided by the solution. The joining of two complementary single strands of DNA through hydrogen bonding to form a double stranded DNA is called hybridization. If a double stranded DNA is heated above certain temperature, the two stands will start to dehybridize and eventually separate into single strands. As the temperature is reduced, the two strands will eventually come together and rehybridize to form the double stranded structure. DNA has several advantages to be used for the assembly of devices and computational elements, for the assembly of interconnects or as the device element itself. First, DNA is the molecule whose intermolecular interactions are the most readily programmed and reliably predicted where G pairs with C and A pairs with T. Thus, the very properties that make DNA so effective as genetic material also make it a very suitable molecule for programmed self-assembly. Second, DNA of a variety of sequences can be obtained by convenient solid support synthesis. Besides, DNA modifications with biotin groups and fluorescent labels introduced new applications for DNA in nanobiotechnology. Third, DNA can be modified by a large group of enzymes that include restriction endonucleases, exonucleases, and DNA ligases.

5. DNA-Based Nanostructure Assembly {#sec5}
===================================

DNA is a promising candidate to serve as a construction material in nanotechnology. The highly specific Watson-Crick hydrogen bonding allows convenient programming of artificial DNA receptor moieties. The power of DNA as a molecular tool lies in the high mechanical rigidity of short double helixes which allows them to behave effectively like a rigid rod spacer between two tethered functional molecular components on both sides. Moreover, DNA displays a relatively high physicochemical stability.

The use of DNA for the fabrication of nanostructures is rapidly expanding in three main different directions.

i.  The fabrication of artificial networks consisting of native DNA.

ii. The attachment or integration of DNA onto solid state surfaces.

iii. The formation of metal or semiconductor nanoparticle assemblies along DNA.

The missing element to make natural DNA the bases for interesting nanomaterials is a point where the helix axis can branch. Such DNA branch points occur as ephemeral structures in cellular DNA metabolism, including replication and repair. They are prominent in the Holliday structure \[[@B36]\], a four-arm branched intermediate in the process of genetic recombination. It is feasible to design sequences of DNA molecules that lead to stable synthetic variants of Holliday junctions, branched molecules with varied numbers \[[@B37]\], as well as more complex motifs.[Figure 1](#fig1){ref-type="fig"}, for example, shows a four-armed stable branched DNA junction made by DNA molecules and the formation of a two-dimensional lattice from a four-arm junction with sticky ends \[[@B38]\]. The use of branched intermediates allows us to make connected structures from DNA \[[@B39], [@B40]\], as well as periodic \[[@B41], [@B42]\], and aperiodic arrays \[[@B43]--[@B44b]\].

Another approach utilizes rigid tetrahedral organic vertices, where the attached oligonucleotides serve as the connectors for the design of more complex architectures. Thus a variable number of oligonucleotide arms could be attached to the core tetrahedral organic linkers, thereby allowing for the construction of different types of DNA structure \[[@B45]\]. One way to exploit this extraordinary precise architectural control is to use self assembled DNA templates to position functional molecules: examples include nanomechanical devices \[[@B46]--[@B48]\], molecular electronic circuits \[[@B49], [@B50]\], near field optical devices \[[@B51]\] and enzyme networks \[[@B52]\]. The simplest active DNA nanostructures are switches that can be driven between two conformations. Motion is induced by changes in ionic conditions, temperature or by the binding of signaling molecule, often a DNA strand \[[@B53]\].

6. Attachment or Integration of DNA onto Surfaces {#sec6}
=================================================

Attachment of biomolecules such as DNA onto the nanomaterials surface plays a crucial role in the choice of immobilization technique suitable for construction of nanodevices such as bio-electronic devices. Long term use, fast response, operational stability and reproducibility of the electrochemical biorecognition event, are some general aspects for employing the immobilization strategy \[[@B54]\]. Selection of the most appropriate immobilization protocol is strictly dependent on the characteristics of the transducing nanomaterial, robust immobilization chemistries are usually preferred in order to prevent desorption of the probes from the sensing layer.

The first step toward DNA-based technology is to attach DNA molecules to surfaces. Three different methods for such an attachment are used.

i.  Electrostatic interaction between DNA and a substrate.

ii. Covalent binding of a chemical group attached to the DNA end.

iii. Binding of a protein attached to the DNA end to the corresponding antibody immobilized at the surface.

So far the most widely used method utilizes the covalent bond between sulfur and gold. For example, the DNA molecule can be functionalized with a thiol (S--H) or disulfide (S--S) group at the 3′ or 5′ end \[[@B55]--[@B57]\]. Hwang et al. \[[@B58]\] demonstrated chemical attachment of thiol-terminated DNA molecules at the surface of an Au nanoparticle (see [Section 9](#sec9){ref-type="sec"}).

Due to enhanced surface volume or surface area and high surface free energy of nanoparticles can adsorb biomolecules strongly and play an important role in the attachment of biomolecules in the construction of biosensors \[[@B11], [@B54]\]. Generally, the adsorption of biomolecules directly onto naked surfaces of bulk materials may frequently result in their denaturation and loss of bioactivity. However, the adsorption of such biomolecules onto the surfaces of nanoparticles can retain their bioactivity, because small nanomaterials have ability to reduce the distance between the redox site of immobilized protein or DNA and the working electrode surface which composed of indium-tin-oxide, gold, platinum, glassy carbon, carbon paste, and so forth, since the rate of electron transfer is inversely dependent on the exponential distance between them. Since most of the nanoparticles carry charges, they can electrostatically adsorb biomolecules with different charges ([Figure 2](#fig2){ref-type="fig"}). Besides the common electrostatic interaction, other strategies to attach DNA to surfaces include covalent binding of DNA oligonucleotide to a preactivated surface \[[@B59]\] and adsorption of biotinylated oligonucleotide on a particle surface coated with avidin \[[@B60]--[@B62]\].

Ansari et al. immobilized probe DNA onto sol-gel derived nanostructured ZnO matrix for the hybridization detection of target sexually transmitted disease and investigated the bioactivity of the probe DNA electrode \[[@B63]\]. Many similar studies on other nanoparticles such as Au, Ag, Pt, CeO~2~, TiO~2~, ZrO~2~ have been reported in the literature for the construction of DNA based biosensors for the immobilization of different probe DNA for different disease markers \[[@B11], [@B64]\].

7. DNA-Based Organization of Metal Nanoparticles {#sec7}
================================================

There has been a tremendous interest in recent years to develop concepts and approaches for self assembled systems. The use of DNA to assemble metals or semiconducting nanoparticles can be achieved mainly by three different approaches.

i.  The electrostatic binding of positively charged colloids to the negatively charged DNA.

ii. The specific binding of colloids to DNA via chemical bonds. Either DNA and / or colloids can be modified with functional groups, such as thiol groups, or with biotin-streptavidin complexes. Also colloids carrying oligonucleotides can be hybridized with single stranded parts of DNA.

iii. The direct growth of nanoparticles along the DNA molecules. This can be accomplished by the formation of nucleation sites along DNA molecules followed by metal or semiconductor deposition by chemical reduction of the corresponding salt.

Several studies have been conducted \[[@B55]\] aiming at assembling colloidal gold nanoparticles into macroscopic aggregates using DNA as linking elements. One such study was published by Kumar and co-worker who managed to cross-link sulphur substituted DNA with gold nanoparticles in solution using phosphothioate DNA as a structural interconnect \[[@B56]\]. Another approach was reported by Alivisatos et al. \[[@B60]\] who managed to organize gold nanocrystals into specially defined structures. Their approach involved the attachment of gold to either 3′ or the 5′ end of 19 nucleotide long single stranded DNA molecules through Au-thiol reaction. Then, 37 nucleotide long single stranded DNA template molecules were added to the solution containing the gold nanoparticles functionalized with single stranded DNA. The authors showed that the nanocrystals could be assembled into dimers (parallel and antiparallel) and trimers upon hybridization of the DNA molecule with that of the template molecule. The gold particles could thus be placed at defined positions from each other as schematically shown ([Figure 3](#fig3){ref-type="fig"}). Maeda et al. \[[@B57]\] on the other hand, made use of the Au-thiol reaction and the DNA hybridization technique to build a two dimensional DNA network template in which Au particles are inserted. Moreover, Kuo et al. \[[@B65]\] demonstrate a change in color from red to blue upon assembling of DNA modified gold nanoparticles into regular arrays. This phenomenon indicates the potential of DNAs modified gold nanoparticles to be applied in biosensing or as DNA probes for diagnosis. Furthermore, Reiss et al. \[[@B66]\] described DNA directed assembly of anisotropic nanoparticles on lithographically defined surfaces and in solution. The goal of their research was to assemble anisotropic nanoparticles into functional electronic devices, including memory devices, logic gates, and so forth. DNA was chosen as a "smart glue" to make the particles self assemble into desirable geometries because of its selectivity which results from the specificity an oligonucleotide has for its complementary oligonucleotide.

Steinbrück et al. fairly recently \[[@B67]\] managed to build gold-silver and silver-silver nanoparticle constructs based on DNA hybridization of thiol and amino functionalized oligonucleotides. Their results help to extend the methodic base for biomolecular approaches for the realization of novel nanophotonic and plasmonic elements.

8. Construction of Semiconductor Nanocrystal Arrays Using DNA {#sec8}
=============================================================

Semiconductor nanocrystals, renamed quantum dots, refer to the quantum confinement of electrons and hole carriers at dimensions smaller than the Bohr radius. Quantum dot nanocrystals are generally composed of atoms from groups II and VI (that is CdSe, CdS, and CdTe) or III and V (such as InP) at their core. A shell such as ZnS or CdS can be further introduced to prevent the surface quenching of excitons in the emissive core and hence the photostability and quantum yield emission.

Several studies on conjugates of semiconductor nanocrystals, with biomolecules have already been published \[[@B68]--[@B70]\]. These nanometer sized conjugates are biocompatible and provide some advantages over lanthanide probes and organic dyes. In particular, the emission wavelength of quantum dot nanocrystals can be continuously tuned by changing the particle size, and a single light source can be used for simultaneous excitation of all different sized dots. The novel optical properties render quantum dots ideal fluorophores for multicolor and ultrasensitive applications in nanobiotechnology and nanobioengineering.

Many strategies have been used to synthesize semiconductor nanocrystals and their arrays. Torimoto et al. managed to assemble CdS nanoparticles using DNA as a template \[[@B71]\] by making use of the electrostatic interaction between the cationic surface modifiers on the CdS nanocrystals and the phosphate groups in DNA double strands. Cassell et al. \[[@B72]\], on the other hand, adopted a different approach by using DNA to assemble DNA fullerene hybrid organic materials. In their methodology, the negative phosphate backbone of DNA was used as a template to bind and organize C 60 fullerene molecules modified with N,N-dimethylpyrrolidinium iodide moiety into defined mesoscopic architectures. The modified fullerene is electrostatically complexed to the DNA backbone through cation exchange with sodium in dimethyl sulfoxide (DMSO). More recently, Dittmer and Simmel \[[@B73]\] have grown p-type semiconductor CuS selectively and densely on DNA both in solution and stretched on a surface. Atomic force microscopy and transmission electron microscopy (TEM) measurements displayed chains of CuS nanoparticles up to 10 nm diameter separated by less than 40 nm.

9. DNA-Directed Assembly of Nanowires {#sec9}
=====================================

The concept of DNA mediated self assembly has been extended to metallic nanowires \[[@B74]\]. An example of the self assembly and subsequent mineralization of DNA in an electronic structure was demonstrated by Braun et al. \[[@B74]\]. They hybridized DNA with complementary oligonucleotides attached to gold electrodes to create a single bridge spanning a gap of 12--16 *μ*m ([Figure 4](#fig4){ref-type="fig"}). The DNA was then used as a template for the directed synthesis of chains of silver nanoclusters from silver ions to produce a conducting nanowire. The corresponding current voltage measurement indicates ohmic behavior with the conductivities close to the bulk metal. It is envisaged that with the correct selection of oligonucleotides, multiple DNA-DNA junctions contacted to an array of electrodes can be used to template standard semiconductor junctions such as bipolar junction transistors and logic junctions. Towards the construction of DNA templated nanowires for self assembled nanodevices, nanocrystals of the p-type semiconductor CuS were grown selectively and densely on DNA both in solution and stretched on a surface \[[@B73]\].

To clearly identify the conduction behavior of DNA molecules Hwang et al. \[[@B58]\] presented a novel method to measure the transport by 60 base pairs of thiol-terminated poly(dG)-poly(dC) DNA molecules which were chemically anchored to the surface of Au nanoparticles. The DNA-attached Au nanoparticle was self-trapped by the opposite thiol termination in between Au nanoelectrodes to make an electrical conduction channel of electrode-DNA molecule-nanoparticle-DNA molecule-DNA molecule-electrode configuration. Two voltage-DNA dependent gaps (1.0 and 1.3 v) were observed from this system and were considered as the minimum energy required to transfer electrons between DNA bases \[[@B75]\].

Nanowires have been utilized as sensors. They operate on the basis that the change in chemical potential accompanying a target/analyte binding event, such as DNA hybridization \[[@B76]\], can act as field effect gate upon the nanowire, thereby changing its conductance. This is similar in principle, to how a field effect transistor operates.

The ideal nanowire sensor is a single crystal nanowire with a diameter between 10 nm and 20 nm. It is a formidable task to produce such small width and high aspect ratio semiconductors even with electron beam lithography \[[@B77]\]. Nevertheless, other techniques such as superlattice nanowire pattern transfer \[[@B78]\] have demonstrated as being capable of producing large arrays of silicon nanowires with high conductivity characteristics \[[@B79]\].

One prominent advantage of nanowire sensors is that the number and density of the sensor elements is limited only by the ability to electronically address individual nanowires. Thus, large scale circuits can be constructed within very small environment, thereby enabling measurements of large numbers of different proteins and genes from very small tissue samples, or even single cells \[[@B80]\]. For example, Hahm and Lieber \[[@B81]\] grew silicon nanowires 20 nm wide using vapor deposition onto catalytic nanoparticles. The molecular recognition elements on the nanowire surface consist of peptide nucleic acid (PNA) groups bound by biotin linkers to avidin proteins attached to the wire. Some of the experimented PNA probes contained the full sequence of the gene for the cystic fibrosis transmembrane receptor protein and so were able to bind wild type DNA sequences leading to an abrupt (around 10 S), roughly two fold increase in conductance. The authors reason that this is consistent with the binding of negatively charged DNA, and thus an increase in negative surface charge density, at the surface of p-type (hole conducting) semiconducting nanowire. However, exposure of the device to mutant F 508 DNA also leads to a similar change in conductance owing to nonspecific binding of the DNA. Nevertheless, mutant DNA can be easily removed from nanowire surface by washing with DNA free solution, reversing the conductance change while wild type DNA becomes securely bound to the PNA receptors and cannot be removed.

10. DNA-Functionalized Nanotubes {#sec10}
================================

Carbon nanotubes (CNT) have become the focus of intensive research by analytical chemists for use as electrodes to transmit electrical signals or as sensors to detect concentrations of chemicals or biological material \[[@B11], [@B82]--[@B93]\]. They possess fascinating physical and chemical properties such as electrical conductance, high mechanical stiffness, light weight, electron-spin resonance, field emission, electrochemical actuation, transistor behavior and show the most extreme diversity and richness among nanomaterials referred to structure and associated properties. Since their discovering, CNT have been the goal of numerous investigations due to their unique structural, electronic and mechanical properties that make them a very attractive material for construction of sensitive bio-electronic nanodevices \[[@B84]--[@B103]\]. Carbon nanotubes are built from sp^2^ carbon units and present a seamless structure with hexagonal honeycomb lattices, being several nanometers in diameter and many microns in length. CNTs are closed structures that present two well defined regions with clearly different properties, the tube and cap, which is half-fullerene-like pentagonal molecular structure \[[@B82]--[@B93]\]. Basically, there are two groups of carbon nanotubes, multiwall (MWCNTs) and single-wall (SWCNTs) carbon nanotubes \[[@B90]--[@B107]\]. MWCNTs, can be visualized as concentric and closed graphite tubules with multiple layers of graphite sheets that define a hole typically from 2 to 25 nm separated by a distance of approximately 0.34 nm. SWCNTs are composed of a single layer of graphene sheet rolled up into a cylinder with diameters in the range 1--2 nm \[[@B86]--[@B91]\]. Single-walled-nanotubes have demonstrated great potential in a variety of nanotechnology applications including molecular electronics \[[@B80]\], hydrogen storage media \[[@B90]\], and scanning probe microscope tips. Due to limited solubility of SWCNTs in common solvents, it is necessary to introduce some functional groups onto their surfaces. Meanwhile, it would endow CNTs with multifunctional applications by integrating other functional groups or materials onto their surface. A functionalized nanotube might have better mechanical, optical or electrical properties as compared to those of the original one \[[@B85]--[@B104]\]. Therefore, it is an interesting area to functionalize CNTs for all kinds of applications. The functional groups of some organic molecules can form covalent or irreversible van der Waal\'s bonds with the nanotube, which could alter the sp^2^ hybridization of CNTs to sp^3^ type, as a result of functionalization. In 2002, Dwyer et al. firstly reported DNA functionalized CNTs and their effectively dispersion in water by sonication \[[@B105]\]. They found that short oligonucleotides having repeating sequences of guanines and thymines (dGdT)~*n*~ (*n* = 10--45), could wrap in a helical manner around a CNT with periodic pitch. This finding links one of the central molecules in biology to a technologically very important nanomaterial, and opens the door to CNTs-based applications in biotechnology.

The functionalization of CNTs with DNA molecules increase the CNT solubility in organic media and further application and advancement in DNA based nanobiotechnology. The functionalization character of CNTs with DNA molecules can also be used to distinguish metallic CNT from semiconducting CNTs. DNA chains have various functional structural groups available for covalent interaction with CNTs for construction of DNA-based devices through the sequence-specific pairing interactions. Wang and Lin discussed different modes of DNA for attachment to CNTs \[[@B85]\]. The most ideal approach for DNA immobilization in CNTs is covalent binding on a solid surface via a single point attachment. Most of the applications of immobilized oligonucleotides are based on the hybridization between the immobilized oligonucleotide and its complementary DNA sequence in the sample \[[@B85]\]. The concept of using DNA to direct the assembly of nanotubes into nanoscale devices is attracting attention because of its potential to assemble a multicomponent system in one step by using different, base sequence for each component. The reactive sites on the CNTs were created by the acid treatment to introduce the carboxyl groups on their tips. DNA molecules with functional linkers are then coupled to the carboxyl groups on the CNTs. Chen et al. \[[@B108]\] developed a multistep method to covalently functionalization of multiwall carbon nanotubes with DNA and oligonucleotides. Thus, the bioconjugates of carbon nanomaterials and DNA will have potential uses in many areas due to the combination of unusual structure of carbon nanomaterials and bioactivity of DNA \[[@B11]\]. Hazani et al. \[[@B109]\] reported the confocal fluorescence imaging of SWCNT--DNA adducts obtained by carbodiimide assisted coupling of amine functionalized oligonucleotides to oxidized SWCNTs. Modified carbon and other types of nanotubes can be expected to provide a basis for a future generation of nanoscale devices because of their one dimensional electronic band structure, molecular size biocompatibility, and controllable property of conducting electrical current and reversible response to biochemical reagents \[[@B90]--[@B97]\]. Consequently, other potential applications include gene therapy, drug delivery and membrane separation \[[@B93]--[@B104]\]. DNA has been the research focus \[[@B96]--[@B104]\] since it can absorb non-covalently as a single strand or double strand complex onto the surface of SWNTS. For example, DNA guided assembly of carbon nanotubes was reported by Dwyer et al. \[[@B105]\], who used amine terminated DNA strands to functionalize the open ends and defect sites of single-walled carbon tubes. Moreover, carbon nanotubes were found to be able to condense double stranded plasmid DNA to varying degrees which paves the way towards the construction of nanotube based gene delivery vectors \[[@B104]\]. The toxicity of carbon nanotube DNA hybrids however should be investigated in a fashion similar to that of pure carbon nanotubes \[[@B106], [@B107]\]. In a recent report, a piece of double stranded DNA wrapped on the surface of a single-walled carbon nanotube was used to detect optically DNA conformational polymorphism \[[@B101]\]. The core of the new optical detection system was based on the transition of DNA secondary structure from the native, right handed "B" form to the alternate, left handed "Z" form which was modulated by metal ions. In line with this work, Li et al. \[[@B86]\] reported for the first time that DNA destabilization and conformational transition induced by SWNTS are sequence dependent. It is noteworthy hinting that all types of carbon nanotube DNA hybrids mentioned above have different electrostatic properties that depend on the diameter of the nanotube and electronic properties. These differences in properties allow the separation and sorting of nanotubes with anion exchange chromatography \[[@B103], [@B104]\].

11. DNA-Based Biosensors {#sec11}
========================

In recent years, there has been tremendous interest in using novel solid state nanomaterials for medical and biological applications. The unique physical properties of nanoscale solids (dots or wires) in conjunction with the remarkable recognition capabilities of biomolecules could lead to miniature biological electronics and optical devices including biosensors and probes. We describe below some interesting examples that utilize nanostructured materials conjugated with DNA as novel biosensors.

Sequence specific DNA detection is an important topic because of its application in the diagnosis of pathogenic and genetic diseases. Many detection techniques have been developed that rely upon target hybridization with fluorescent, chemiluminescent, radioactive, or other types of labeled probes. In addition, there are indirect detection methods that rely on enzymes to generate fluorescent, chemiluminescent or colorimetric signals. Maxwell et al. \[[@B110]\] developed a novel method for detecting specific DNA sequences and single base mutations. The principle of their detection method relies on oligonucleotide molecules labeled with a thiol group which are attached at one end of the core of a 2.5 nm gold nanoparticle and a fluorophore at the other end. This hybrid construct is found to spontaneously assemble into a constrained arch like conformation on the particle surface. In the assembled state, the fluorophore is quenched by the nanoparticle. Upon target binding, the conformation opens and the fluorophore leaves the surface because of the structural rigidity of the hybridized double stranded DNA, and fluorescence is restored. This structural change generates a fluorescence signal that is highly sensitive and specific to the target DNA. Another recent fluorescent DNA probe, the molecular beacon (MB) offers unique advantages for ultrasensitive gene analysis \[[@B111]\]. MBs are oligonucleotide molecules designed to form a stem loop structure with a fluorophore linked to the 5′ end and a quencher to 3′ end. No fluorescence is observed due to the close proximity of the fluorophore and the quencher. Upon hybridization of the target oligonucleotide with the MB, the fluorophore and quencher are spatially separated, causing the fluorescence signal to be restored ([Figure 5](#fig5){ref-type="fig"}). Su et al. \[[@B112]\] on the other hand, reported a micro cantilever based mechanical resonance DNA detection using gold nanoparticle modified probes. In this technique, captured DNA strands are linked on a cantilever by gold thiol covalent bonding after which the cantilever is dipped into the target DNA solution for hybridization. Next, gold nanoparticles labeled DNA strands are hybridized on the other end of target DNA through complementary interactions. Gold nanoparticles then act as nucleating agent for the growth of silver when exposed to photographic developing solution. The growth of silver particles leads to a detectable frequency shift by increasing the effective mass of the microcantilever, which can be readily detected.

A major challenge in the area of DNA detection is the development of methods that do not rely on polymerase chain reaction or other target amplification systems that require additional instrumentation and reagents. For example, nanowires have been utilized as biosensors, to differentiate between wild type and mutant genes, without being amplified, for cystic fibrosis transmembrane receptor protein as described under the section of "DNA-directed assembly of nanowires" above. Another example which makes use of conductivity changes in DNA detection, without target amplification, is that advanced by Park et al. \[[@B113]\]. They detected with their method target DNA at concentration as low as 500 femtomolar with a point mutation selectivity factor of 1 : 100 000.

He et al. \[[@B114]\] described a new approach for ultrasensitive detection of DNA hybridization based on nanoparticle amplified surface plasmon resonance. Use of the Au nanoparticle tags leads to a more than 10 fold increase in angle shift, which corresponds to a more than 100 fold improvement in sensitivity for the target oligonucleotide as compared to the unamplified binding event.

In addition, the oligonucleotide linked semiconductor nanocrsytals (quantum dots) which have been used in DNA hybridization experiments demonstrated that they could very soon become useful biosensors in molecular biology for various applications, such as mapping genes, monitoring their expression and detecting mutations. The specific interaction between complementary nucleic acid strands could indeed be detected either by the formation of nanocrystal aggregates \[[@B115], [@B116]\] or via the sorting of differently colored nanocrystals on supports bearing the matching oligonucleotides \[[@B117]\].

Conjugates of self assembled DNA-streptavidin have also been used as nanobiosensors. For example, the conjugates are used as model systems for ion switchable nanoparticle networks, as nanometer scale "soft material" calibration standards for scanning probe microscopy \[[@B118], [@B119]\], or as programmed building blocks for the rational construction of complex biomolecular architecture, which may be used as templates for the growth of nanometer scale inorganic devices \[[@B50], [@B120]\]. Moreover, covalent conjugates of single stranded DNA and streptavidin are used as biomolecular means for the immobilization of biotinylated macromolecules at solid substrates through DNA hybridization. This DNA directed immobilization allows for site selective functionalization of substrates with semiconductors and metal for the DNA directed functionalization of gold nanoparticles with immunoglobulins, enzymes and other types of proteins. DNA directed functionalization of biometallic nanostuctures from gold nanoparticles and antibodies are applied as diagnostic tools in bio-analytics \[[@B121], [@B122]\].

Tam et al. \[[@B123]\] have studied a covalently immobilized probe DNA on MWCNTs for direct and label-free detection of influenza virus (type A). The investigators used FTIR and Raman spectra for the confirmation of covalent bonding in between amine and phosphate groups of the DNA sequence. The fabricated DNA biosensor can detect target DNA down to 0.5 nM.

Zhu et al. \[[@B124]\] presented a very attractive work about non-covalent functionalization of MWCNTs sidewalls for immobilization of poly(amidoamine) dendrimer to be used for the fabrication of efficient electronic transducers to form the DNA biosensors. The sensitivity and selectivity of the impedimetric biosensor for the target DNA increased to attain a detection limit down to 0.1 pM.

In another application, carboxyl group functionalized MWCNTs modified on electropolymerized aminobenzoic acid, covering the surface of the glass-carbon electrode (GCE), were applied for fabrication of sensitive electrochemical DNA biosensors for the detection of target DNA hybridization \[[@B125]\]. For covalent immobilization of DNA molecules Au nanoparticles layer was introduced onto the nanocomposite electrode surface. Gold nanoparticles promote the electron transfer rate between the redox active DNA species and the electrode surface. Under optimized conditions, DNA hybridization current was monitored by a DPV technique. The biosensor had linearity in a wide concentration range of the complementary ODNs from 1.0 × 10^−12^ to 5.0 × 10^−9^ M with a detection limit of 3.5 × 10^−13^ M \[[@B125]\].

12. DNA-Based Gene Delivery {#sec12}
===========================

Efficient DNA delivery is vital for gene therapy, DNA vaccination and the advancement of other clinical therapies. A number of strategies for gene therapy have been proposed including the use of different types of nanovehicles whose unifying feature is the nanometer scale size range (from a few to 250 nm). These nanovehicles include viral vectors \[[@B126]\], liposomes \[[@B127], [@B128]\] and synthetic gene delivery systems \[[@B129]--[@B131]\], such as cationic polymeric nanoparticles \[[@B132]--[@B137]\], dendrimers \[[@B138]\], and modified inorganic nanoparticles \[[@B139], [@B140]\]. Due to the growing concerns over the cytotoxicity and immunogenecity of viral DNA delivery systems, DNA delivery via non-viral routes \[[@B141]--[@B150]\] has become more desirable and advantageous because of its low toxicity, little immunogenicity and high adaptability. The ideal non-viral DNA delivery nanosystem should be a synthetic system that mimics viral vectors. It should also be efficient, biocompatible and modular so that it is tunable to various applications in both clinical settings and research. The first synthetic DNA delivery nanosystem which meets most of the above criteria has been reported by Luo and Saltzman \[[@B138]\]. The investigators demonstrated a three component transfection system mediated by silica particles. This three component nanosystem (silica nanoparticles, SuperFect dendrimers, and DNA) is self assembled and effective. It enhanced transfection with most transfection reagents used including cationic lipid based and dendrimer based reagents. Luo et al. \[[@B151]\] on the other hand, used dense silica nanoparticles to concentrate DNA vector (i.e., DNA-transfection reagent) complexes at the surface of cell monolayers which resulted eventually in increased complex concentration at the cell surface. This technique enhanced transfection efficiency by up to 8.5 fold over the best commercially available transfection reagents. Besides, He et al. \[[@B152]\] reported a novel protective DNA nanoenricher for gene delivery based on amino modified silica coated magnetic nanoparticles. Plasmid DNA was made to combine on to the positively charged nanoparticle surface to form nanoparticle plasmid DNA complexes. These complexes were found to successfully cross various systemic barriers to COS-7 as well as mediate high expression of Green Fluorescence Protein (GFP) gene in cells. Moreover, magnetofection gave interesting preliminary results in rats and pigs \[[@B153]\] and in particular the feasibility of magnetic guided and site directed gene therapy with antisense oligonucleotides has been positively assessed \[[@B154]\].

13. Ecological Advantages and Risks of Nanotechnology {#sec13}
=====================================================

The most pressing near term issues related to nanotechnology in general are toxicity and exposure to humans and the environment. This is a safety and health issue rather than an ethical or a political one.

As technology develops and society evolves, regulatory approaches to environmental, legislative, cultural, and ethical issues must keep pace. Predictions of both opportunities and dangers fail to match reality as the development of nanotechnologies is only in its infant stage. Nevertheless, all indicators of adverse side effects of nanosystems should be carefully considered, even if this process slows down the pace of technological innovation. Moreover, while gaps between science and ethics may occur, they can be bridged through the promotion of multidisciplinary decision making processes that include humanistic and ethical guidance of nanodesign.

The potential advantages of nanobiotechnology include:

1.  The feasibility of producing materials and equipments without producing wasteful and dangerous byproducts.

2.  The possibility of producing devices capable of detecting, measuring and treating different types of pollutants.

On the other hand, in their application to environmental research some nanoparticles may exhibit potential threats to human health owing to their cytotoxicity. There are still many unanswered questions about the fate of nanoparticles introduced into the living body. Because of the huge diversity of nanomaterials used and the wide range of size in particles, their effects are expected to vary considerably. For example, a high throughput gene expression test determined that specially quoted quantum dots fluorescent nanoprobes affect only 2% of the human genome \[[@B155]\]. These health related effects should be carefully addressed before the contamination of the environment by nanoparticles accumulates.

14. Conclusion {#sec14}
==============

The study of DNA-based nanostructure is an attractive field due to its unique structural, physicochemical properties, and recognition capabilities. This review describes the utilization of DNA for preparing nanostructured materials and the use of such nanostructures for various biochemical and medical applications. Various DNA-based nanostructures, including nanostructures by DNA itself, DNA-based assembly of metal and semiconductor nanoparticles, DNA functionalized nanowires, and nanotubes are described. Some interesting and promising examples of using DNA-based nanostructures as biosensors and gene delivery systems are also presented. Further work should, however, concentrate to clarify the mechanism of interaction between nanomaterials and biomolecules, such as DNA, on the surface of multifunctional or homogeneous nanofilms and nanoelectrodes to explore the potential of using novel properties to fabricate a new generation of biosensors. It is anticipated that new useful DNA-based nanostructures will continue to emerge over the next few years. Their investigation at different nanolevels will not only provide valuable fundamental information about their collective biochemical, electrical, magnetic and electrochemical properties but will also provide access to new and useful applications in the industry of biosensors, food analysis, process control, environmental monitoring, diagnostics and treatment of disease.
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![(a) Sequence of an immobile 4-armed DNA junction. (b) Formation of two dimensional lattice from a four-arm junction with sticky ends, *X* and *Y* are sticky ends, *X*′ and *Y*′ are their sticky ends, respectively. Courtesy of Nadrian C. Seeman.](JBB2010-715295.001){#fig1}

![Schematic presentation of immobilization of thiolated single-stranded probe DNA on the surface of ZnO for hybridization detection in double-stranded DNA (target DNA).](JBB2010-715295.002){#fig2}

![Organization of gold nanocrystals into spatially defined structures.](JBB2010-715295.003){#fig3}

![Schematic illustration of detecting DNA hybridization signal by integrating the electrical conductivity of nanoparticles using an electrical detection system.](JBB2010-715295.004){#fig4}

![Oligonucleotide molecules designed to form a stem loop structure with a fluorophore linked to the 5′ end and a quencher to the 3′ end \[[@B111]\].](JBB2010-715295.005){#fig5}
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